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Structure of the Retinal Determination Protein
Dachshund Reveals a DNA Binding Motif
lead variously to reduced or absent eyes, defective brain
development, and shortened legs, while ectopic expres-
sion results in ectopic eye formation [3, 5, 7, 11, 12].
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4 Structure Biology Center and kidney [16] development.
The protein products of the retinal determinationArgonne National Laboratories
9700 South Cass Avenue genes participate in physical interactions mediated by
conserved domains. eya interacts with either dac or so,Argonne, Illinois 60439
and these complexes crossregulate, as well as regulate
other downstream targets [7, 10, 15]. Models proposed
for the molecular interactions among these proteins areSummary
shown schematically in Figure 1B [1, 2, 7, 17]. ey/Pax
and so/Six are homeodomain-containing DNA bindingThe Dachshund proteins are essential components of
a regulatory network controlling cell fate determina- proteins. The Eyes Absent and Dachshund proteins are
not classifiable within known structural or functional cat-tion. They have been implicated in eye, limb, brain,
and muscle development. These proteins cannot be egories, and their mechanisms of action remain poorly
understood. It is thought that Dach and Eya are recruitedassigned to any recognizable structural or functional
class based on amino acid sequence analysis. The to DNA as complexes with other DNA binding proteins,
such as those belonging to the so/Six family.1.65 A˚ crystal structure of the most conserved domain
of human DACHSHUND is reported here. The protein Expression patterns suggest that the two vertebrate
homologs of Dachshund function in different tissues;forms an/ structure containing a DNA binding motif
similar to that found in the winged helix/forkhead sub- Dach1 functions in early retinal, CNS, and limb develop-
ment [17–20], and Dach2 functions in myogenesis [15].group of the helix-turn-helix family. This unexpected
finding alters the previously proposed molecular mod- Homozygous Dach1 knockout mice exhibit postnatal
lethality associated with a failure to suckle, cyanosis,els for the role of Dachshund in the eye determination
pathway. Furthermore, it provides a rational frame- and respiratory distress [21]. Interestingly, the eyes,
limbs, and brains of the newborns showed no grosswork for future mechanistic analyses of the Dachs-
hund proteins in several developmental contexts. abnormalities, perhaps indicating that Dachshund ho-
mologs could functionally compensate for Dach1 loss of
function in early development. The knockout phenotypeIntroduction
also demonstrates that Dach1 is necessary for postnatal
development.The Dachshund proteins are part of a network of tran-
scription factors that regulate cell fate decisions in verte- The Dachshund proteins contain two conserved do-
mains called Dachbox-N and Dachbox-C. DACHbox-Nbrates and invertebrates (Figure 1) [1, 2]. Their role has
been best characterized in the context of Drosophila corresponds to residues 189–275 of human DACH1 [20].
This domain is 83% similar in the various Dachshundeye development, where activation of a genetic cascade
composed of the genes twin of eyeless (toy), ey (eyeless), homologs. Dachbox-C is a 70-amino acid domain in the
C terminus of the protein that is known to mediate theeyes absent (eya), sine oculis (so) and dachshund (dac)
is both necessary and sufficient for formation of the interaction with Eya [7]. Regions of Dachshund outside
these domains show very low conservation. Upstreamretina [3]. In various combinations, these genes have
also been implicated in fly leg, gonad, and brain develop- of Dachbox-N, mouse and human DACH1 have runs of
polyserine and polyglycine, and Drosophila dac has ament [4–6]. Genetic epistasis studies indicate that ey
induces expression of eya, so, and dac and that they, stretch of polyglutamine. This feature is not shared by
other known Dachshund proteins. The region betweenin turn, participate in reciprocal feedback loops (Figure
1A) [7–10]. Loss-of-function mutations of these genes Dachbox-N and Dachbox-C varies in length from 280 to
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We present here the crystal structure of human
DACHbox-N determined at 1.65 A˚. This domain assumes
a novel fold containing a helix-turn-helix motif reminis-
cent of the winged helix family of DNA binding proteins.
Contrary to expectation, the structure suggests that
Dachshund can directly bind DNA. As a result, the pre-
viously proposed models for the role of the Dachshund
proteins in the regulation of eye development need to be




The structure of DACHbox-N was determined by multi-
wavelength anomalous dispersion from crystals con-
taining SeMet. DACHbox-N forms a compact / struc-
ture consisting of a twisted five-stranded antiparallel 
sheet flanked along one surface by a set of three helices
and on the other by a single  helix (Figures 2C and
3A). The topology is 1-2-3-A-B-4-C-5-D. 
strands 1–3 form a plane that is almost perpendicular
to the sheet formed by strands 4 and 5.  strands 1–3
are connected by  turns. 4 is short (residues 241–243)
but maintains the main chain hydrogen bonding pattern
of an antiparallel  sheet. Helices A, B, and D are
bundled together around a hydrophobic core along one
face of the  sheet. Helix C is isolated from the rest of
Figure 1. Conserved Regulatory Networks in Drosophila and Verte- the molecule and held rigidly in place by hydrophobic
brate Eye Development
contacts with the strand 1 and ionic contacts with the
(A) A conserved genetic cascade is involved in cell fate determina-
loop connecting C and 5.tion in Drosophila and vertebrates.
The presence of six conserved cysteine residues in(B) Proposed models for transcription complexes formed by the
DACHbox-N (three of which are also present in the Ski/dac, so, and eya proteins [1, 2, 7, 10, 49]. Physical association
between eya and either dac or so is mediated by conserved do- Sno proteins) had led to the suggestion that it may che-
mains. Since dac and eya do not possess recognizable DNA binding late a metal ion [17]. There is no evidence of metal ions
motifs, it was thought that they were recruited to DNA via interac- in the crystal structure. Interestingly, the side chains of
tions with so or with another as yet unidentified transcription factor/
Cys residues 210, 243, and 264, which are common tocomplex, denoted here as X and Y.
the Dachshund and the Ski/Sno proteins, are arrayed
close to each other in the core of the protein between
4, 5, and A but do not participate in either metal430 residues and tends to be proline rich. Thus, primary
structure suggests that the biochemical functions of the binding or disulfide bond formation (Figure 2C).
In the crystallographic asymmetric unit, DACHbox-NDachshund proteins are likely to be mediated by the
two conserved domains. is a head to tail dimer (Figure 2D). The dimer interface
is formed by the insertion of the side chain of Asn281The Dachshund amino acid sequence has significant
similarity with the protein products of the Ski/Sno family at the C terminus of one molecule into a pocket formed
by the turn between 2 and 3, the N terminus of helixof protooncogenes [17]. Ski is a nuclear protein that
modulates transcription and is believed to participate C, and strand 5 of the dimer-related molecule. The
amide side chain of Asn281 is involved in an intricatein critical developmental choices between proliferation
and terminal differentiation [22–25]. It is involved in myo- hydrogen bonding network; the O and N atoms of
Asn281 form hydrogen bonds with the O and N ofgenesis and neurulation, and mice lacking this gene
have defects in skeletal muscle development, craniofa- Gln247 from the dimer-related molecule. These side
chains are buttressed by hydrogen bonds with peptidecial patterning, and neurulation [26]. Ski also acts as a
Smad-dependent corepressor of TGF-induced tran- backbone atoms, conferring additional specificity to the
interaction. Notably, Asn281 and Gln247 are conservedscriptional activation [27–30]. The similarity between the
Dachshund and Ski/Sno proteins is greatest in the re- in all known Dachshund proteins. Dimerization buries a
total of 1080 A˚2 of accessible surface area. Despite thegion of Dachbox-N (28% sequence identity with the con-
sensus sequence of all vertebrate Ski and Sno proteins). significant chemical complementarity seen at the dimer
interface and the conservation of the residues involved,This domain of Ski has been implicated in its transforma-
tion and myogenesis activities. An additional weak se- the biological significance of this dimer is not obvious.
While the oligomeric state of Dachshund in solution hasquence homology is present between Dachbox-C and
a C-terminal domain of the Ski/Sno proteins; these do- not been definitively characterized, the retention time
of isolated DACHbox-N on size exclusion columns ismains are believed to share a helical structure capable
of forming coiled coils upon homodimerization [17]. not inconsistent with it being a dimeric molecule.
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Figure 2. The Structure of DACHbox-N
(A) The amino acid sequence of DACHbox-N.
Residues that are identical in all Dachshund
proteins are shown in red, and similar resi-
dues are shown in green. Residues that are
identical and similar between DACH and the
family of Ski/Sno proteins are highlighted in
yellow and green, respectively. The topology
of DACHbox-N is shown above the sequence,
with arrows indicating  strands and zigzag
lines indicating helices.
(B) Stereo view of the A-weighted 1.65 A˚,
|2 Fo  Fc| electron density map contoured
at 2.3  around residue Gln247, which partici-
pates in the intermolecular interaction seen
in Figure 2D.
(C) The structure of DACHbox-N. A stereo
pair representation of DACHbox-N. The back-
bone color corresponds to B factors; high B
factors, red; lower B factors, blue. The posi-
tion of every tenth residues is indicated by a
green sphere, starting at residue 190. The
side chains of the conserved Cys residues at
positions 210, 243, and 264 are shown.
(D) The DACHbox-N dimer interface. A ribbon
representation of the two molecules in the
asymmetric unit is shown on the left. The side
chain of Asn281 from helix D, which forms
several direct, specific interactions with the
dimer-related molecule, is shown in red
(boxed). To the right are the details of the
hydrogen bonds formed between Asn281 and
Gln247. The two molecules are indicated by
differences in the color of the bonds.
DACHbox-N Contains a Variant of the Winged protein Mbp1. Mbp1 is a DNA binding protein belong-
ing to the helix-turn-helix family [32, 33] and sharesHelix Motif
Using the DALI server to search for similar structures in no sequence similarity with DACHbox-N. The struc-
tures of DACHbox-N and Mbp1 are shown in Figure 3A,the Protein Data Bank [31] revealed only one significant
match (Z score of 4.7) with the yeast cell cycle regulatory highlighting the similarities and differences. The region
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Figure 3. Comparison of the Structures of
DACHbox-N and Other Winged Helix-Con-
taining Proteins
(A) DACHbox-N and Mbp1 shown in similar
orientations. The putative helix-turn-helix
motif and the following  hairpin are shown
in blue. Other segments of structural similar-
ity are shown in red. The cyan helix is unique
to DACHbox-N, and the gray regions are
unique to Mbp1.
(B) DACHbox-N, hRFX1, and GH5 DNA bind-
ing domains in similar orientations. The N and
C termini are indicated in each case. Figures
generated by RIBBONS [50].
encompassing 1-2-3-A-B-4 and 5 of DACHbox-N fied based on the packing of an additional helix (or heli-
ces) against the two-helix motif. This third helix canshares tertiary structural features with the 2–6 region
of Mbp1. Unique to DACHbox-N is an insertion, helix either precede or follow the helix-turn-helix in the pri-
mary sequence. In most winged helix proteins, the thirdC, between strands 4 and 5. A  strand (1) at the
N terminus and a helix (D) at the C terminus of Mbp1 helix (1 in hRFX1 and GH5) is upstream of the helix-
turn-helix motif. However, in DACHbox-N and Mbp1, aare not present in DACHbox-N. The similarity in tertiary
structure between DACHbox-N and Mbp1 thus appears C-terminal helix (D) participates in the formation of the
helical domain. Interestingly, the structurally equivalentto be limited to the DNA binding motif.
DAChbox-N seems most similar to the / proteins helices, D in DACHbox-N and 1 in hRFX1/GH5, are
oriented in opposite directions. In this respect,in which the helix-turn-helix motif is packed against an
antiparallel  sheet, as in the winged helix/forkhead DACHbox-N most resembles the winged helix protein
-transposase, as was previously observed in the case(HFH) class of DNA binding proteins [34]. The defining
feature of the HFH proteins is a recognition helix flanked of Mbp1 [33].
by one or two loops termed “wings”. Either one or both
wings can be involved in DNA interaction. The core fold- Is Dachshund a DNA Binding Protein?
Examination of the charge distribution on the solvent-ing unit of the winged helix family is a helix-turn-helix
motif preceded by a short  strand and followed by a accessible surfaces of DACHbox-N lends further sup-
port to its classification as a DNA binding protein of hairpin, resulting in ----W-. The loop connecting
the strands of the  hairpin constitutes one wing, “W”. the HFH class. The face of the protein containing the
putative recognition helix B and the putative wing W isThis fold is seen in its simplest form in the DNA binding
domain of the transcription factor hRFX1 (Protein Data significantly more basic than the other protein surfaces
(Figure 4). By analogy with structures of HFH protein-Bank ID 1DP7) [35] and the globular portion of the his-
tone protein H5 (Protein Data Bank ID 1HST) [36] (Figure DNA complexes, a segment of B-DNA was modeled
such that helix B is in the major groove. The wing, W,3B). DACHbox-N shares this fold, with the exception
that a helix (C) is present between strands 4 and 5 is then oriented such that the side chains of residues
Arg263 and Lys265 are in proximity to the minor grooveand before the putative wing W. Interestingly, helix C,
which distinguishes DACHbox-N from classical winged phosphodiester backbone of the DNA and side chains
of residues His227, Thr228, Lys232, Lys234, and Arg235helix proteins, is a region of complete conservation
among the various Dachshund proteins and the region from helix B are within hydrogen bonding distance of
nucleotides in the major groove. The turn between heli-of greatest conservation between Dachshund and the
Ski/Sno proteins (Figure 2A). ces A and B and the N-terminal segment of B (the
putative recognition helix) are the most highly disor-Helix-turn-helix-containing proteins are further classi-
Crystal Structure of Human DACHSHUND
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Figure 4. Model for DACHbox-N-DNA Inter-
action
GRASP representation [51] of the charge dis-
tribution on the solvent-accessible, putative
DNA interaction surface of DACHbox-N is
shown on the left. Positive charge, blue; neg-
ative charge, red. The water probe radius was
1.4 A˚, and the colors represent electrostatic
potentials 6 to 	
6 kBT, where kB is the
Boltzmann constant and T is the temperature.
This electrostatic surface does not account
for residues K220 and H221 in the turn be-
tween helices B and c, which were not
clearly visible in the electron density map and
have been modeled as Ala. Dielectric con-
stants used were 80 for solvent and 2 for protein. The orientation is that shown on the right, where the putative recognition helix and the wing
W are in blue. In the center, B form DNA is modeled on the positively charged surface of DACHbox-N, placing helix B in the major groove
and the wing W within bonding distance of the DNA backbone.
dered regions in the protein structure, as reflected by teins [42] that is involved in cellular transformation and
differentiation and binds DNA as a complex with thehigh B values in both molecules in the asymmetric unit
(see Figure 2C). Similar disorder of the DNA-interacting Smad proteins [28, 40], the transcription factor NF-1,
and the corepressor N-CoR [41]. Similar residues insurfaces has been observed in the free state of other
DNA binding proteins, including the leucine zipper motif DACHbox-N and the Ski proteins are shown in Figure
5. Conservation corresponds largely to nonpolar aminoof GCN4 [37] and the recognition helix of the papillo-
mavirus transcriptional regulator E2 [38]. acids (shown in green) that form the structural core of
Several lines of functional evidence suggest that the domain. It is thus very likely that DACHbox-N and the
Dachshund may be a DNA binding protein. Most notably, corresponding domain of the Ski/Sno proteins share the
it is a basic protein found in the nucleus that has the same fold. Interestingly, conserved surface residues
ability to activate transcription [7]. Specifically, Dro- (highlighted in red, blue, and yellow) are clustered in
sophila dac can activate eya expression, and, in yeast helix C, the same region of the protein that shows the
two-hybrid experiments, Dachshund is able to induce greatest conservation among the various Dachshund
lacZ expression on its own [7]. In solution studies we proteins and is not present in other proteins of the
have shown that DACHbox-N has selective affinity for winged helix family. Protein constructs of v-Ski and c-Ski
double-stranded DNA-cellulose over denatured DNA- with deletions in the region corresponding to C are
cellulose; DACHbox-N bound to native DNA-cellulose
and eluted as a sharp peak at 400 mM NaCl, while it
bound only weakly to denatured DNA-cellulose, eluting
continuously between 100 and 400 mM NaCl. Gel-mobil-
ity shift analyses using 32P-labeled oligonucleotide
probes [homomeric 20-mers d(A20) and d(T20), as well as
several other 21-base-pair oligos of random sequence]
showed loss of free DNA, but a discrete retarded band
was not observed (data not shown). It is likely that iso-
lated DACHbox-N may not be sufficient for high-affinity
DNA binding but could bind DNA as a multimer with
oligomerization mediated by DACHbox-C. It is also pos-
sible, as in the case of the HFH proteins HNF3 and
Mbp1 [39], that basic residues C-terminal to the core
HFH domain may constitute a second wing that stabi-
lizes the protein-DNA complex. Furthermore, the se-
quence specificity, if any, of DACH-DNA binding remains
to be determined. DACH could also be recruited to DNA
as a complex or bind DNA cooperatively with other pro-
teins, such as EYA or an EYA-SIX complex. Other possi-
ble molecular interactions are suggested by the se-
quence similarity between DACH and the Ski/Sno family
of proteins, which bind to DNA and regulate transcription
via interactions with other transcriptional regulators,
such as the Smad proteins [28, 40], NF-1, and N-CoR [41].
Figure 5. Homology between DACHbox-N and c-Ski
Side chains for residues conserved between the two proteins are
Homology with the Ski/Sno Proteins shown. Nonpolar residues, green; polar residues, yellow; acidic resi-
DACHbox-N corresponds to a 100-amino acid region dues, red; basic residues, blue; helix C, cyan; helix-turn-helix motif,
blue ribbon.within a conserved domain of the Ski/Sno family of pro-
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velopment, since the most extensive genetic and molec-
ular dissections of Dachshund function are available
in this system. The 87% sequence similarity and 71%
sequence identity between the DACHbox-N domains of
Drosophila dac, human DACH1, human DACH2, and
mouse Dach indicates that the structure of human
DACHbox-N is a valid model for the other proteins.
dac misexpression is sufficient to activate transcrip-
tion of genes necessary for development of the Dro-
sophila compound eye. However, dac and eya function
synergistically to produce a fully penetrant phenotype
[7]. This synergism could be explained if one of these
molecules provided a DNA-targeting function while the
other provided transactivation or specificity [1], as in
the case of the so-eya complex [10]. However, the ab-
sence of recognizable DNA binding motifs in the amino
acid sequence of Dachshund led to the conclusion that
more complex networks must be involved and that
Dachshund is recruited to DNA via interaction with other
as yet unidentified DNA binding protein(s) [7] (Figure
1B). The crystal structure of DACHbox-N reported here
suggests that Dachshund can directly bind DNA. This
property allows us to propose alternate models to the
Figure 6. Alternate Models for the Transcriptional Complexes ones presented in Figure 1B. Dachshund bound to an
Formed by the dac, eya, and so Proteins appropriately placed binding site could activate tran-
These models derive from the ability of dac to directly contact DNA. scription of eye-specific genes, as schematized in Fig-
See text for details. ure 6A. This activity could be mediated by the intrinsic
transactivation potential of Dachshund or via interaction
with other transcription factor(s) (X in Figure 6A). This
deficient in transformation abilities [43]. Thus, it seems model is particularly relevant in tissues where dac ap-
likely that helix C may participate in molecular interac- pears to function independent of eya and so, as in the
tions that are common to Dachshund and the Ski/Sno mushroom bodies [6] and legs [5] of flies. The synergism
proteins. between dac and eya in eye development could arise
from the ability of dac to recruit eya to an appropriate
Implications for Dachshund Function target site, as shown in Figure 6B. Alternatively, both
in Eye Development dac-eya and so-eya complexes may bind to multiple
The structure-function relationships of DACHbox-N will DNA binding sites (Figure 6C), perhaps in a cooperative
fashion. An additional possibility is that dac and so bindbe discussed here in the context of Drosophila eye de-
Table 1. Crystallographic Statistics
Reflections Completeness Rsym (%)1
Data Set Resolution (measured/unique) (overall/last shell) (overall/last shell)
1 (0.97904 A˚) 50–1.65 A˚ 223,135/24,903 94.6/74.5 6.5/21.7
2 (0.97981 A˚) 50–1.65 A˚ 235,599/25,088 90.8/51.5 7.4/21.6
3 (0.95366 A˚) 50–1.65 A˚ 227,661/26,123 96.5/91.5 6.4/23.3
Refinement Statistics
R factor2 Rfree3
Resolution (overall/last shell) (overall/last shell)
6–1.65 A˚ 23/31.8 25.1/36.5
Number of nonhydrogen atoms 1,540
Number of water molecules 153
Number of reflections 51,468
Average B factor 21.2 A˚2
4Rmsd




1Rsym  (|(I  I	)|)/I, where I is the intensity of an individual measurement and I	 is the corresponding mean value.
2 R factor  (Fobs  Fcalc)/Fobs, where Fobs is the observed, and Fcalc is the calculated, structure factor amplitude.
3 Rfree was calculated from 9% of measured reflections omitted from refinement.
4 Rmsd, root-mean-square deviation.
Crystal Structure of Human DACHSHUND
793
to eya at the same time, leading to either enhanced DNA studies of Dachshund and its complexes with other
components of the eye development pathway. Givenbinding specificity and/or cooperativity (Figure 6D). This
option is supported by the molecular characterization of the very high degree of sequence conservation among
DACH homologs, the conclusions drawn from the pres-the eya protein by Bonini and coworkers demonstrating
that interactions with dac and so are mediated by differ- ent analysis can be reasonably extrapolated to other
contexts, such as muscle development, in which Dachs-ent subregions of the conserved domain of eya [44].
While allowing direct Dachshund-DNA interaction, none hund proteins have been implicated. Furthermore, this
structure provides a model for the corresponding do-of the models proposed here preclude the possibility
that Dachshund may also form a complex with other yet main of the Ski/Sno proteins, which share significant
sequence homology with DACHbox-N and act as core-to be identified transcription factors (protein X in Figures
1B, 6A, and 6D). pressors of the TGF signaling pathway.
In summary, our structural studies reveal that the
Experimental ProceduresDachshund protein contains a putative DNA binding do-
main. This modifies the current view of Dachshund’s
Overexpression and Purification of DACHbox-Nrole in the retinal determination pathway and, perhaps, in Residues 184–282 of human DACHSHUND were inserted into the
other developmental contexts and allows us to propose BamH1 and Xho1 sites of the overexpression vector pGEX. The
testable models for its mechanism of action. resulting plasmid was transformed into the E.coli strain BL21(DE3).
Large-scale cultures were grown at 37C in LB medium containing
ampicillin (50 g ml1), induced at midlog with 0.1 mM isopropyl-
-thiogalactopyranoside, and then maintained at 37C for anotherBiological Implications
2 hr. The cultures were harvested by centrifugation, resuspended
in phosphate-buffered saline (PBS), lysed by sonication, and centri-Recent studies have shown that the mechanisms speci- fuged. Over 90% of GST-DACHbox-N was found in the supernatant.
fying cell fate are highly conserved across species. The The cell lysate was applied to a glutathione-agarose column pre-
evidence is most striking in the context of eye develop- equilibrated with PBS at 4C. DACHbox-N was released in the super-
natant through cleavage at a thrombin site present in the fusionment, where a conserved network of genes regulates
protein between GST and DACHbox-N. The cleaved protein wasdevelopment of the morphologically distinct eyes of in-
further purified by size exclusion chromatography (Superdex-75).vertebrates and vertebrates. The Dachshund genes are
The protein eluted between the 13.7 kDa and 25 kDa size markers.key components of these regulatory cascades, encod- Purity was assessed by SDS-PAGE and silver staining of overloaded
ing nuclear proteins that are believed to function as gels.
transcription factors. The amino acid sequences of the
Dachshund family of proteins do not contain recogniz- Preparation of SeMet-Containing DACHbox-N
DACHbox-N contains a single methionine at position 190. This resi-able DNA binding domains, and this has led to the con-
due was replaced with SeMet by producing the protein in the methio-clusion that they are recruited to DNA as complexes
nine-requiring auxotrophic strain B834(DE3)pLysS. The overexpres-with other proteins.
sion and purification procedures were similar to those for the native
We describe here the structure of the most conserved protein except that the bacterial cultures were grown in minimal
domain (DACHbox-N) of human DACHSHUND. It folds media supplemented with SeMet. The incorporation of SeMet was
into a compact / structure composed of a twisted confirmed by comparing mass spectra of the native and SeMet
forms of DACHbox-N.five-stranded antiparallel  sheet flanked along one sur-
face by a set of three helices and on the other by a
Crystallization of DACHbox-Nsingle  helix. Although no domain with an entirely simi-
Crystals of SeMet DACHbox-N were obtained from well solutionslar tertiary structure can be found in the structural data-
of 25%–30% PEG 10,000, 0.25 M ammonium sulfate, and 5 mM
bases, it is apparent that DACHbox-N contains a motif DTT. Hanging drops containing equal volumes of 8 mg ml1 protein
similar to that found in the winged helix/forkhead class and the well solution were used. Twinned crystals appeared in 2–6
of DNA binding proteins. Furthermore, the helix-turn- days and were used in crystal structure determination. The crystals
were triclinic with the following unit cell dimensions: a  28.7 A˚,helix and wing of DACHbox-N are oriented such that
b  47.7 A˚, c  50.4 A˚,   60.7,   86.9, and   84.5. Therethey can readily accommodate standard B-DNA in an
were two molecules of DACHbox-N in the asymmetric unit.orientation analogous to that seen in other winged helix
protein-DNA complexes. The putative DNA interaction
X-Ray Data Collection, Structure Solution, and Refinement
surface of DACHbox-N is also the most electropositive Data on crystals of SeMet DACHbox-N were collected at the Ad-
face of the domain, making it electrostatically comple- vanced Photon Source, beamline 19-ID. The crystals were frozen in
liquid propane. Data were collected at three wavelengths (0.97981 A˚mentary to DNA. Thus, the structural evidence strongly
[peak], 0.97904 A˚ [inflection], and 0.95366 A˚ [remote]) at 170C.supports a direct DNA binding role for Dachshund.
Data were indexed, integrated, and scaled with the HKL packageThe conclusions from our structural studies signifi-
[45], and heavy atom sites were identified and refined using thecantly alter currently accepted molecular models of the
CNS package [46]. The final figure of merit was 0.48 at 1.65 A˚. Initial
retinal determination cascade. A DNA binding role chain tracing was carried out using the program wARP [47], and
makes it possible for Dachshund to act as a transcrip- subsequent model building was conducted using O [48]. Refinement
was conducted with CNS using all data and a bulk solvent correc-tional regulator on its own. The Eyes Absent protein
tion. Multiple cycles of refinement, rebuilding, and addition of watercould also be recruited to DNA as a complex with Dachs-
molecules resulted in a final R factor of 23% (Rfree 25.1%) at 1.65 A˚.hund, consistent with the documented ability of these
The final model contains residues 184–282 of both molecules, withtwo proteins to act synergistically in fly eye develop-
residues Lys220 and His221 modeled as Ala. The Gly-Ser at the N
ment. terminus of DACHbox-N that results from the cloning procedure is
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